Abstract -Cases of insulation breakdown damage of water-cooled generator stator windings occur frequently due to coolant leakage and water absorption worldwide. Such serious accidents may cause not only enormous economic loss but also very serious grid accidents in terms of stable supply of electric power. More than 50 % of domestic generators have been operated for more than 15 years, and leak and water absorption problem of windings are often found during the planned preventive maintenance period. Since 2005, leak and water absorption tests have been performed for total watercooled stator windings after fully drying the inside of the windings. The results are then comprehensively analyzed. The result of the test performed by GE, a foreign manufacturer, for 141 generators showed failures in 80 of them (failure rate: 57 %), whereas in the tests carried out in Korean domestic power plants, only 14 out of 50 generators showed failures (failure rate: 28 %).
Introduction
Since 1961, some 480 GE water-cooled generators (300 to 1500 MW class) have been constructed globally, and they are currently in operation. Leak tests were carried out for 141 generators and the result showed that leak occurred at the clip-to-stand braze joints of 57 % of the generator stator windings. In addition, some generators also accidentally tripped due to abrasion of the windings. Based on this experience, GE has steadily provided technology for leakage test, inspection, and maintenance of stator windings (TIL-1098, GER-3751A, and GER-4223) as a way to improve reliability of generators and to solve problems, emphasizing that insulation breakdown accidents may occur due to coolant leakage or water absorption in the insulator [1] [2] [3] [4] .
The purpose of leak and water absorption tests for watercooled stator windings is to predict insulation breakdown accidents of generator stator windings caused by coolant leakage or water absorption in the insulator during the operation of the generator and to prevent accident in advance. The leakage rate should be calculated by measuring the change in the pressure and vacuum level after fully removing the coolant inside the windings to perform a leak test accurately. Afterward, the mechanical integrity of the generator stator windings should be recovered through maintenance after finding leak points which exist inside the windings through tracer gas leak test using helium. The next stage is to prepare for an optimum condition to perform the electric test. The purpose of the water absorption test is to find windings containing moisture which may cause serious damage, such as insulation breakdown, by decreasing the dielectric strength of the insulator which has an absorbed coolant used to cool down the inside of the generator stator windings. Whether water has been absorbed or not should be precisely ascertained considering errors which may occur depending on the thickness of the insulator and roughness and location of measurement, and utilizing diverse stochastic methods to diagnose water absorption [5] [6] [7] .
Before 2006, domestic power generation companies carried out leak tests without fully drying the inside of the generator stator windings. Due to this neglect, they could not accurately check the leakage in the leak test using pressure or vacuum because water molecules were blocking the micro crack route. Accordingly, fully drying the inside of the windings is a necessary and sufficient condition for the success of leak tests.
In the present study, we analyzed and put together the result of leak and water absorption tests performed for 50 water-cooled generator windings in operation in Korea from 2005.
Structure of Generator Stator Windings [3]
A generator should be manufactured in a structure that can withstand the electromagnetic force generated during normal operation and the force applied in normal conditions, such as mechanical force generated by the rotation of the rotor, as well as excessive force, such as the three-phase short circuit. The typical structure of watercooled generator stator windings is shown in Fig. 1 .
A water-cooled stator winding has a very long structure in the axial direction with a length of 8 to 10 meters and is largely composed of a frame, a stator iron core, a coil with coil support device, and a hose and a header for coolant supply. The devices that support the stator end windings are mainly spacers and strings with a ring for support. Some manufacturers also use cone-type support devices. In the same way that stator-supporting structures differ by manufacturer, the vibration characteristics of stator end windings also show differences. Fig. 2 shows the structure of stator end windings where stator windings are inserted in two layers into the slots in the stator iron core laminated on the key bar fixed to the stator frame. A wedge is used to bind them. The upper and lower windings which come out of the stator slots are tied with adjacent windings by spacers and strings and bound by the inner ring, the outer ring, and the winding support devices. Accordingly, the mechanical binding condition of the end winding is relatively poor compared with that of the stator slot part. Leakage of the generator stator coolant and water absorption and winding abrasion phenomena frequently occur at the stator end winding part.
Fig. 1. Structure of generator
A special drying device is required to dry the inside of the windings as the structure inside the winding clip where water-cooled generator stator leak frequently occurs is composed of thin and long element wires, as shown in Fig.  3 . In a stator winding, many coolant passages are formed to cool down the heat generated by the inside copper conductor where electric current flows. The outside is covered by mica-epoxy insulating material with a structure where the coolant supplied by the stator coolant supply pump flows into the stator winding clip part after passing through the Teflon hose and cools down the windings flowing along the coolant passages inside the windings. The locations in the generator stator windings where coolant frequently leaks during operation of the generator are the Teflon hose connection part and stator winding clip part. The stator winding clip part plays not only the role of chamber coolant for each set of windings but also electrically connects the upper and the lower windings. 3 shows the coolant system of the water-cooled generator stator. The figure is a P&I diagram of the system which cools down the stator by forcing the coolant in the coolant storage tank to flow through the inside of the windings. The coolant system has a circulating structure where the coolant supplied from the coolant storage tank is collected in the inlet header after cooled down by the cooler, collected in the outlet header after passing through the inside of the windings, and then stored again in the coolant storage tank.
Leak/Water Absorption Test [5-7]

Outline of tests
Although leaks somewhat differ according to manufacturer of generators, it is generally diagnosed through vacuum decay test and pressure drop test after fully drying the inside of the generator stator windings. The water absorption of windings is diagnosed through a water absorption test. The necessary and sufficient condition of these tests is that the inside of the windings should be fully dried.
The process of drying the inside of the windings is as follows. Coolant is removed by opening the quick-open valve installed at the lower part of the generator after filling the inside of the windings at a constant pressure with air dried in air puffing mode. When the dew point measured at the outlet is below -30 °C, the air puffing mode is converted to vacuum drying mode. In the vacuum drying mode, the inside of the windings is dried by increasing the vacuum degree using a vacuum pump. If there is no leak, the vacuum degree inside the windings converges to absolute vacuum as operation time goes on. The vacuum degree is decreased as the moisture which exists inside the windings is vaporized and discharged to the outside by the vacuum pump through the vacuum pump-discharging pipe. If the vacuum degree reaches below 0.05 Torr, the inside of the windings is completely dried. Afterward, leakage from the inside of the winding is determined by performing vacuum decay test and pressure drop test for the generator stator windings in full scale.
The leak test is composed of a vacuum decay test, a pressure drop test, and a tracer gas test. To measure the leakage rate of a stator winding, Eqs. (1) and (2) are used for the vacuum decay and pressure drop tests, respectively, in the generator stator windings. In the vacuum decay and pressure drop tests, the leakage rate can be calculated in accordance with the change rate of vacuum and pressure. The tolerances are 3 and 1 ft 3 /day, respectively. 4 3.06 10
where V is the volume of the generator stator windings and P is the change of the vacuum.
where H is the tested hour, and M, B, and T are the changes of the pressure of the stator, barometric pressure, and temperature, respectively. If either test fails, there exists a leak in the windings, which is then checked through tracer gas test and maintained before restarting the operation.
The water absorption test is a technique of using a nondestructive test to evaluate the existence of moisture inside the groundwall insulation which may be generated due to the leakage of coolant inside the generator stator windings. In stator bars, this test measures the capacitance between the sensor (+) and copper (-) pressing the sensor to the mica surface. A condenser is used to store the electricity. If voltage is applied to the two parallel metal plates, electricity is stored in this location, which is called capacitance. If the electrical flow is charged in the storage battery, as shown in Fig. 4 , the charges are distributed within the plates. The electric flux is perpendicular to the plates, and a uniform magnetic field is formed in a parallel shape. The capacitance of the parallel plate storage battery is equal to Eq. (3).
Capacitance is increased in the generator stator windings (1) when the area of the sensor is wide or the distance of poles is short and (2) when an arbitrary material between mica and copper has large permittivity. In Case (2), a new material for which permittivity is large cannot be added during construction. In addition, the area of the sensor and the distance between the poles are constant. Accordingly, the capacitance is increased only if the water leaks inside the bars. As a reference, the permittivity of water is 20 times that of the mica that comprises the bar. The water absorption test makes use of these physical phenomena. Through stochastic diagnosis methods and measurement of the capacitance of mica, the test assesses whether wet bars are present. This evaluation should not be undertaken through the quantitative comparison of the capacitance of bars because only a small amount of bars is present in the water absorption test. However, the judgment errors for wet bar can be lessened as long as the comparable data are numerous. In addition, if various stochastic diagnosis methods are applied, the accuracy of such decisions can be heightened.
Water absorption is evaluated by measuring the capacitance of the whole windings and comparing it with the average value using the big difference between the dielectric constant of the groundwall insulation of stator windings and that of water. The capacitance is high, which means moisture exists inside the insulator of the windings. In case of wholesome windings, the capacitance shows a standard deviation within ± 2 from the average value. If the standard deviation is + 3 or bigger, water absorption is generally suspected, and if it is + 5 or bigger, the insulator of the windings has absorbed moisture. The advantage of this test is that the location of the winding which has a high risk of hipot failure during operation can be found. When carrying out this test, careful attention is required as the test sensitively responds to various conditions because the capacitance of the stator windings very sensitively changes depending on the measurement sensor, surface condition, coating and painting condition of the windings, and the condition of the groundwall insulation. As water absorption diagnosis of stator windings is carried out through stochastic process, the measurement condition should be consistent. As shown in Fig. 5 , the test should be performed selecting the curved part of windings at the end part of the stator iron core of which the manufacturing and taping conditions are uniform as the measurement point. As the water absorption route is unpredictable, water absorption is diagnosed by making measurements at all the points where measurements can be made among curved parts of the exciter side and turbine side windings, that is, the top/inner/outer sides of the upper curved part of the windings and inner/outer sides of the lower curved part of the windings. Measurement errors, such as those in measuring surface roughness of windings and diagnostic error, which occur when statistical method is applied to a very small capacitance always exist in measurement and diagnosis of water absorption for water-cooled generator stator windings. In the present water absorption diagnosis, diverse statistical diagnostic methods are utilized, namely, capacitance mapping plot, capacitance diagram, normal probability plot, and box plot to minimize the diagnostic error. Furthermore, the reliability of water absorption diagnosis is improved by comparing the capacitances of the windings measured at multiple points where water absorption is suspected to occur from the end part of the windings to the iron core at a certain interval using small water absorption sensors to complement the above shortcomings and to perform water absorption diagnosis more accurately. Fig. 6 presents a flow chart of the leak/water absorption test of water-cooled generator stator windings. Vacuum decay test and pressure drop test are carried out after the inside of the windings is completely dried. Regardless of the test result, tracer gas test is performed to determine leakage. If the test fails, the leak is checked through tracer gas test and repaired. If the tests are successful, water absorption test is carried out. If the water absorption test is successful, the stage will be changed to electric test. Otherwise, the windings will be repaired through comparative analysis with the result of the tracer gas test. The repaired condition of the leak will be checked again after performing visual inspection and tracer gas test of the complemented part. Leakage rate will be reviewed by carrying out the vacuum decay test or pressure drop test before converting to electric test process.
Fig. 6. Major outage leak/water absorption test plan
Analysis of test results
Since 2005, leak and water absorption tests have been carried out for 50 domestic generator stator windings. Leakage was diagnosed by performing vacuum decay test and pressure drop test after drying the inside of the windings utilizing Gen-SLeDiS (stator windings dryness and leak test equipment). Water absorption was diagnosed utilizing diverse stochastic methods of water absorption diagnosis after measuring the capacitance of the winding insulator using Gen-SWAD (water absorption test equipment).
The 50 tested domestic generators are shown in Table 1 . All the generators are more than 300MW and a cooling type of stator windings is water-cooled. The manufacturers are GE, Westinghouse, NEC, Doosan, Toshiba, and Hitachi Heavy Industry. In Table 2 , the criteria of pressure drop test, vacuum decay test, He tracer test, and water absorption test are shown. In Table 3 , the cases that failed in either leak or water absorption tests of the 50 domestic generator windings are presented.
From the results of the leak tests performed for the 50 stators, very diverse diagnostic results were deduced. No case failed in all four tests. The cases that failed in the vacuum decay test accounted for 4% (2/50), the cases that failed in the pressure drop test 14% (7/50), the cases that failed in the tracer gas test 16% (8/50), and the cases that failed in the water absorption test 20% (10/50), showing that the most sensitive test was water absorption test.
The result of checking the leak after disassembling the insulator showed that the vacuum decay test failed only when the leak is very bad. Although the vacuum test is very sensitive and can be carried out in a short period of time, in comparison with other tests, its sensitivity is low as a method to diagnose leakage. If we interpret it in reverse, the tolerance presented by the manufacturer is not very conservative compared with other methods. Furthermore, although it is a useful method if the volume of the leak is relatively big, in general, many leaks of small volume exist in an insulator except in the case of a manufacturing defect. On the other hand, although pressure drop test requires a longer time than vacuum decay test, it diagnoses leakage relatively well.
Although generator 'G' has passed the vacuum decay test and pressure drop test which can be used to judge leakage, it may fail in the tracer gas test, showing a value exceeding the tolerance. This finding implies that there exists a leak which may satisfy the criteria of the leak test (vacuum decay test and pressure drop test) but cannot pass the tracer gas test, which is more conservative. Many windings of generators like 'H', 'I', and 'M' failed in the water absorption test, which is a matter of serious concern, because it means that although the leak test has been passed, water absorption phenomenon is in progress inside the windings, showing that the coolant which has failed to leak outside of the windings is absorbed into the groundwall insulation by capillary phenomenon, thereby causing deterioration of dielectric strength. Some differences exist between the TIL result of GE as 500 MW thermal power generation plants and 1000 MW nuclear power plants in Korea because they have been operated for 10 years or longer. However, the leak and water absorption phenomena are still in progress in more than 28% of the domestic generators. The prevention of big accidents through periodic leak/water absorption test for watercooled stator windings is of utmost priority. 4 
. Conclusions
Unexpected trip of generators caused by leak and water absorption of water-cooled stator windings occur everywhere in the world. Such phenomenon requires enormous expense and many months for the generators to be restored. Accordingly, the technology which can prevent such accidents in advance is highly in demand and very important for the operation of a power plant.
KEPRI(KEPCO Research Institute) has built and established the technology to diagnose leak and water absorption for about 10 years. At present, the level of the technology to diagnose leak and water absorption of the stator windings KEPRI has in possession is close to that possessed by manufacturers, and enormous expense is being saved by preventing unexpected trip of generators utilizing such a technology.
In the current study, the result of leak and water absorption tests carried out for about 50 domestic generator stator windings for 5 years were analyzed and put together. Based on the results, water absorption test is the most sensitive diagnostic method, followed by tracer gas test and pressure drop test. Although vacuum decay test can be completed within the shortest period of time, the tolerance presented by the manufacturer is not very conservative. Accordingly, more conservative criteria need to be set up. Diagnosing leak and water absorption more accurately by performing all four tests of stator windings described above and carrying out comparative analysis of the results in aspects different from each other are essential.
Unexpected trip of generators due to coolant leak and water absorption can be prevented through accurate leak and water absorption diagnosis of water-cooled stator windings, which will greatly help improve the operation reliability of power generation facilities.
